Abstract. The generation of 1-5 MeV protons from the interaction of a 3 ps TW CO 2 laser pulse with a gas target with a peak density around the critical plasma density has been studied by 2D particle-in-cell simulations. The proton acceleration in the preformed plasma with a symmetric, linearly ramped density distribution occurs via formation of sheath of the hot electrons on the back surface of the target. The maximum energy of the hot electrons and, hence, net acceleration of protons is mainly defined by Forward Raman scattering instability in the underdense part of the plasma. Forward directed ion beams from a debris free gaseous target can find an application as a high-brightness ion source-injector to a conventional accelerator operating up to kHz pulse repetition frequency.
Introduction
Over the last decade, forward directed beams of energetic protons have been observed in numerous experiments by interacting intense subpicosecond laser pulses with the foil targets (Clark et al. 2000; Maksimchuk et al. 2000; Snavely et al. 2000) . These pulses are characterized by the normalized amplitude of the laser vector potential field, a 0 = eA/mc 2 , being >1. A handy formula for a 0 is a 0 ≈ 8.5 × 10 −10 I 0.5 [W/cm 2 ] λ [µm] , where I is intensity, and λ is wavelength of the laser. Forward directed MeV beam of protons with a high-current is the most common feature of these experiments irrespective of the target composition. These protons are thought to originate from either hydrogenated impurities (Clark et al. 2000; Maksimchuk et al. 2000; Snavely et al. 2000) or specially deposited hydrocarbon layer (Schwoerer et al. 2005; Betti et al. 2009 ) on the surface of the target. Such beams have attracted a lot of attention owing to their very high brightness resulting from a large number of particles (>10 10 ) tightly confined in time (∼1 ps) and space (source radius ∼10 µm) (Cowan et al. 2004) . The protons are accelerated by the large space-charge fields, on the order of MV/µm, set up at the rear surface of the target, or by electrostatic shocks propagating through the target. At the rear surface, the accelerating field is set up by the expulsion of a hot electron cloud into vacuum producing a negatively charged sheath irrespective of the angle of incidence of the laser beam. The electric field of this thin sheath ionizes and accelerates ions from a thin layer normal to the target. This so-called target normal sheath acceleration (TNSA) mechanism has been extensively studied numerically (Wilks et al. 2001; Fuchs et al. 2006 ) and its scalings are well established experimentally for solid foils (Robson et al. 2007) . Such a solid foil-based proton source has drawbacks limiting its practical use, because of sensitivity to any prepulse (which leads to plasma formation at the target surface before the arrival of the main pulse), produces debris and its repetition rate is limited. If these problems can be overcome and ions can be accelerated to 1-10 MeV/u at a high-repetition rate, such a laser-driven source of ions could find application as a picosecond injector for a conventional accelerator or a compact ion source for high-energy-density physics and material science.
An alternative method of obtaining laser-accelerated ions is by using a gaseous target. An ionized gas is a clean source of protons or ions from other gases. A supersonic gas jet can provide neutral gas densities in the range of 10 18 -10 20 cm −3 with homogeneous density distribution in a 50-2000 µm plasma slab (Semushin and Malka 2001; Hao et al. 2005 ) and can be operated up to 1 kHz. Recently, a He gas jet with a plasma density n e around 10 19 cm −3 was successfully used for generating He ions using 1-µm laser (Krushelnick et al. 1999; Sarkisov et al. 1999; Willingale et al. 2006) . In this experiment, a forward directed beam of He 2+ and He 1+ ions was observed at a highly relativistic laser intensity (a 0 ∼ 15) in an underdense plasma (i.e. n e ∼ 0.1 n c , where n c is the critical plasma density n c = 1.1 × 10 21 /λ 2 [µm]cm −3 ) (Willingale et al. 2006) . At modestly relativistic laser intensities (a 0 > 1), radial transport of electrons and ions dominates and the ions are accelerated primarily at 90
• to the axis of laser propagation (Krushelnick et al. 1999; Sarkisov et al. 1999) . The situation would change dramatically if a long wavelength laser is used for laser-driven ion acceleration (LDIA) in a gas jet. For a 10 µm, CO 2 laser pulse for example, the same gas jet target with a peak plasma density >10 19 cm −3 can be opaque to radiation (since the critical plasma density for 10 µm CO 2 laser light is 10 19 cm −3 ) but as the laser intensity is increased above a 0 ∼ 1 can become transparent to the incident laser beam due to relativistic increase in the electron mass causing a decrease in the effective plasma density. Compared to solid foils, using a gas jet is potentially very attractive as it produces no debris and can be run at a high-repetition rate and the density of the plasma can be changed easily in a well controllable manner.
Thus, 10 µm LDIA in a gas jet could represent a promising alternative to using solid foils to obtain a high-energy proton beam. In the previous nanosecond CO 2 laser LDIA experiments with solid targets (I ∼ 10 14 -10 15 W/cm 2 ), a combination of a relatively large interaction volume (spot size ∼150 µm) and energy partitioning to fast ions (∼50%) resulted in high yields on the order 10 9 -10 10 ions/keV (Joshi et al. 1979; Gitomer et al. 1986 ). To achieve relativistic laser fields before the deposited energy causes the gas target expansion, a high-power picosecond CO 2 laser is needed. CO 2 lasers that can provide relativistic laser intensities have recently been developed and its use for LDIA has been demonstrated (Pogorelsky et al. 2010) . At the UCLA Neptune Laboratory a TW class (100 J, 100 ps) CO 2 laser system has been operational for many years (Tochitsky et al. 1999 ) and a 3 ps long pulse has recently been amplified to >10 TW with a normalized field strength of a 0 > 1 in a focused beam (Haberberger et al. 2010) . However, LDIA and the laser coupling into gas plasma in the range of densities 0.5-5 n c is practically unexplored at relativistic laser intensities either numerically or experimentally.
In this paper, we present full-scale particle-in-cell (PIC) simulations of ion acceleration in laser-plasma interactions of a relativistic CO 2 laser pulse with gas targets having critical plasma density. The main goal of the study is to determine whether a picosecond 10 µm laser pulse incident on a symmetrically ramped preformed plasma slab, that is tens of wavelength wide, is suitable for production of a forward directed multiMeV proton beam and to study the physical mechanisms that generate such a beam. We find that laser-plasma interactions phenomena such as relativistic self-focusing and channeling (Sarkisov et al. 1999) , electron acceleration by plasma waves in the underdense region of the gas jet, and relativistic Stimulated Raman Scattering (SRS) occurring at n e ∼ n c (Adam et al. 1997 ) can all be important in such a target.
Proton acceleration dynamics in the vicinity of critical plasma density
In this section, we consider proton acceleration in a H 2 gas target irradiated by a focused CO 2 laser beam with a vacuum intensity of I = 10 16 W/cm 2 (a 0 ∼ 1) for two plasma densities slightly below and above the critical density. Consequently, a target of a given thickness is transparent at the plasma density of n e = 7.5 × 10 18 cm −3 (0.75 n c ) and opaque at 3 × 10 19 cm −3 (3 n c ). In the first case underdense laser-plasma interactions dominate as the laser beam propagates through the ionized gas. The plasma dynamics is strongly nonlinear resulting in relativistic self-focusing (Sarkisov et al. 1999 ), which in turn leads to the production of a plasma channel partially evacuated under the action of the enhanced ponderomotive force of the self-focused laser pulse. The second case represents overdense laser-plasma interactions where -similar to solid foils, in which a laser prepulse might create a plasma layer in front of the target -the laser beam interacts with the underdense part of the gas target and then is stopped close to the critical density layer inside the target. For laser pulses with a 0 > 1, the light pressure bores a hole in a plasma, process in which plasma electrons are pushed sideways and forward and the density profile is steepened (Young et al. 1995) . In both cases, hot electrons produced by the laser in the underdense region (which typically are hotter, albeit lower in density, than those created at the critical density surface) are transported through the target and create a strong electrostatic field (sheath) that drives the surface proton acceleration. Both these scenarios are realistic and important for understanding an interaction of the CO 2 laser pulse with the gas jet.
We use a 2D, PIC code OSIRIS (Fonseca et al. 2008 ) for full-scale numerical studies of LDIA. In the two simulations that we compare below, the incident ∼1 TW laser pulse has a 3 ps (full width at half maximum) duration and a transverse spot size 2w 0 = 100 µm. The laser beam interacts with the target at normal incidence, and its electric field is in the simulation plane. The gas jet is modeled as a triangular preformed plasma slab that is symmetrically ramped from 0 to 0.75 (3) n c over a distance of 20λ resulting in a 400 µm thick target. It should be noted that both the plasma density and its profile in simulations represent parameters routinely achieved in the experiments with a supersonic gas jet operating in the 10 18 -10 20 cm −3 plasma density range (Semushin and Malka 2001) . In simulations, we consider the laser pulse without any prepulse. This is equivalent to assuming that in the experiment contrast between any prepulse and the 3 ps main pulse with an intensity of 10 16 W/cm 2 is >200, therefore, the prepulse can not ionize the hydrogen gas and has no effect on the interaction physics.
2.1. Interaction with underdense gas targets: Transparent regime The linearly polarized longitudinal and transverse Gaussian laser pulse propagates from the left to the right and interacts with the 0.75 n c plasma slab located at approximately 200 µm from the left-hand side of the simulation box. The simulation box is 485 µm wide and Figure 1 . Proton density distribution at t = 3.6 ps when the peak of the 3 ps CO 2 laser pulse reaches the center of the 0.75 n c peak density target (a) and at t = 6.6 ps (b).
longitudinal and transverse direction, respectively, and there are 16 particles per cell per species. The lateral boundary conditions are periodic. The front boundary radiates the laser beam, while both front and back boundaries absorb outgoing radiation and particles.
In Fig. 1(a) we show the ion density at time, t = 3.6 ps when the peak of the laser pulse reaches the center of the gas target. When the TW power laser pulse with a power significantly larger than P cr critical power for relativistic self-focusing interacts with an underdense plasma, the plasma dynamics is strongly nonlinear and self-focusing results in laser filamentation (Sprangle et al. 1987; Gibbon et al. 1996) . Here P cr = 17 (ω 0 /ω p ) 2 [GW] , where ω 0 is the laser angular frequency and ω p = (4πn e e 2 /m) 1/2 is the plasma frequency. This filamentation causes partial evacuation of electrons in the filaments under the action of the transverse ponderomotive force. Later in time (t = 6.6 ps), as is apparent in Fig. 1(b) , the hydrogen ions are pulled transversely by the electrostatic fields induced by expelled electrons and two channels can clearly be seen. The formation of such multiple filaments can be attributed to an 'inverted corona' mechanism in which hot plasma particles from the channel walls heated by the laser pulse are expanded toward the channel (Sentoku et al. 2000) . Later in time after the laser pulse has passed (t > 12 ps), the ion filament dissipates and only at this time hydrodynamic expansion of the entire plasma slab is noticeable. Therefore, during the time required for the laser pulse to cross the plasma slab, a sharp plasma-vacuum boundary important for the TNSA mechanism (Wilks et al. 2001 ) is in place. At the end of the computations at t = 21 ps the target's width has expanded by a factor of 4.
Since electron acceleration is a prerequisite to the generation of high-energy ions, we now discuss the electron heating mechanism in this underdense target case. In addition to transverse transport of electrons, electrons also gain a longitudinal momentum in the direction of laser propagation. There are several possible mechanisms responsible for forward electron acceleration in the underdense laser-plasma interaction. The longitudinal component of the ponderomotive force pushes electrons leading to a snowplough effect. For laser pulses longer than the plasma wavelength λ p = 2πc/ω p and P > P cr (for 3 ps pulses these conditions are fulfilled for n e > 10 15 cm −3 ), the Forward Raman Scattering (FRS) instability below the quarter critical density can produce MeV electrons (Joshi et al. 1981; Krall et al. 1992; Modena et al. 1995) . Figure 2 (a) presents the electron density at a time, when the front of the laser pulse reaches the backside edge of the plasma. Electron filamentation caused by the laser beam relativistic self-focusing is apparent in the density distribution. Since the laser power P reaches 58 P cr , at the peak density, the threshold of relativistic selffocusing is reached very early during the pulse (Sprangle et al. 1987) . As seen in Fig. 2(b) , as a result of strong relativistic self-focusing, the peak laser field is enhanced significantly and the pulse steepens at the front. The finite rise time of the pulse creates a low-amplitude wakefield within the laser pulse and causes a lowamplitude modulation of the laser pulse at λ p (Krall et al. 1992) . The modulated laser pulse can resonantly pump the wakefield and the process continues in an unstable way. This instability resembles a highly nonlinear twodimensional form of usual FRS instability (Joshi et al. 1981; Krall et al. 1992; Modena et al. 1995) . Indeed, Fig. 2(c) depicts both the piling up of the electrons in front of the laser pulse and excitation of such a wake right behind this front.
The phase space distribution of hot electrons on laser beam axis, in Fig. 2(d) , uncovers the dynamics of electron acceleration. In simulations, a group of electrons is accelerated to a temperature of approximately 4 MeV in a front part of the plasma where the plasma density is below 0.25 n c . However, some much hotter electrons with an energy reaching 15 MeV are observed in the part of the plasma where the plasma density is above 0.25 n c but the laser field is peaked. This may be attributed to an additional acceleration of electrons caused by the increasing ponderomotive force of the laser, which is strongly enhanced due to the relativistic self-focusing effect in this part of the target. Indeed, a 0 is enhanced up to ∼4, seen in Fig. 2(b) , in the region of the target where this additional acceleration is observed. The highest energy electrons leave the plasma producing a target potential which in turn confines the rest of the heated electrons. The key point here is that even in an underdense plasma, strong electron acceleration takes place which in turn leads to a formation of sheath having a large electric field accelerating ions. The ion phase space distribution P 1 along the laser axis direction X 1 at t = 21 ps, long after the laser pulse has traversed the plasma, is shown in Fig. 3(a) . The highest proton velocity of ions reached in the underdense laser-plasma interactions is 0.085c, which corresponds to the kinetic energy of 3.4 MeV. There are two distinct spatial features both giving rise to energetic protons. The first and the most important is located at the rear surface of the target, where the most energetic ions are being produced. The second is apparently acceleration throughout the target. The nature of these features can be understood based on the analysis of the phase space distribution of ions in the P 1 -P 2 plane shown in Fig. 3(b) . Here, we see that there are two groups of accelerated ions. The first is a highly directional beam of ions propagating forward (P 1 > P 2 ). But in addition, there is a group of ions with a lower energy that are expelled in all directions (P 1 ∼ P 2 ). This latter group has a velocity <0.025c (low proton kinetic energy <0.2 MeV). The first group of particles, however, is fairly well collimated in a forward direction, propagates exactly at normal to the target's rear surface, and has energies in the range 0.4-3.4 MeV (velocity 0.01-0.085c). The maximum energy of the uncollimated group of particles can be estimated by balancing the electrostatic potential between the protons and the expelled electrons and the laser ponderomotive potential, which expels the electrons in first place (Wilks et al. 2001 ). The relativistic ponderomotive energy U can be estimated as, U = mc 2 (γ -1), where γ = (1 + a 0 2 /2) 0.5 is the relativistic factor of the electron quiver motion in the laser field. For a 0 = 1 this energy is equal to 0.12 MeV and in a good agreement with the maximum energy Proton phase space at time t = 21 ps after the peak of the interaction of 3 ps CO 2 laser pulse with a 0.75 n c gas target for particles accelerated forward (a) and P 1 -P 2 proton density map (b).
obtained in the simulations for transversely accelerated protons. Note that even an enhanced value of a 0 = 4 would result in proton energy of 1.02 MeV. However, a collimated proton beam propagating forward has much higher energy that indicates that other mechanisms are involved in electron and ion acceleration of this group. As is shown above, the self-modulated laser wakefield acceleration of electrons is the main mechanism for the electron heating in our case. The plasma density in a ramped gas target where FRS can take place varies from 10 −4 to 0.25 n c . Also, relativistic SRS in the plasma density range of 0.5-1 n c (Adam et al. 1997 ) may result in an additional longitudinal heating of plasma electrons and higher energy electrons.
In order to distinguish between the FRS and relativistic SRS contributions, we modeled a gas jet target where the 200 µm front up ramp of the target was replaced by a slab with a constant density of 0.1 n c and 0.9 n c (the back side was the same as before) and compared the proton energies. The results clearly indicated that relativistic SRS occurring above the quarter critical density produces <0.2 MeV protons and that for our conditions hot electron production, due to the regular FRS mechanism (Joshi et al. 1981; Krall et al. 1992; Modena et al. 1995) defines the maximum energy of electrons and, hence, the protons. Recently, a similar physical mechanism has been invoked to explain the generation of positrons in intense lasersolid target interactions (Chen et al. 2009 ). In that experiment enhanced electron acceleration was observed in an underdense plasma ramp produced on the front surface of the foil by the laser prepulse. Thus, in the case of plasma densities slightly below n c (even at a vacuum a 0 ∼ 1) a significant amount of ions are accelerated forward and these plasmas prove to be useful source of collimated proton/ion beams. Proton density distribution at t = 3.6 ps, when the peak of the 3 ps CO 2 laser pulse reaches the center of the target (a) and at t = 6.6 ps (b). 2.2. Interaction with overdense gas targets: Opaque regime Simulation box for modeling overdense gas targets is 270 µm wide and 900 µm long. The plasma is located at the same position as for the underdense target case. The plasma density profile is ramped from 0 to its peak value of 3 × 10 19 cm −3 , which is equal to 3 n c for a 10-µm laser pulse.
At a plasma density of n c , the classical skin depth c/ω p is ∼1.7 µm and the CO 2 laser beam is expected be completely stopped in the many wavelength thick overdense plasma layer. In Fig. 4(a) for t = 3.6 ps (time when the peak of the laser pulse in vacuum should be reaching the center of gas target), the laser pulse is seen to be stopped at the critical density layer ∼40 µm in front of the center of the density profile. In this overdense case, the laser beam with a relatively small a 0 ∼ 1 at first penetrates through the ∼150 µm thick underdense part of the gas target causing laser self-focusing. As seen in Figs. 4(a) and (b) , this results in the formation of a series of almost circular cavities in the n c density surface similar to ones reported earlier (Valeo and Estabrook 1975; Wilks et al. 1992) . Some of the laser energy is trapped in these cavities and it is eventually absorbed. Remarkably, even at the end of the laser pulse at t = 6.6 ps (see Fig. 4(b) ), the depth of laser penetration is unchanged. This is because the ponderomotive force of the 3 ps laser pulse is not sufficient to bore a hole through the critical density wall and the plasma works as an opaque target for the CO 2 laser beam.
In Figs. 5(a)-(d) , we show results on electron acceleration and transport through the target in the overdense (n e = 3 n c ) case. Here, fast electrons accelerated due to the plasma waves excited in the underdense part of this target propagate through the plasma and strongly filament behind the n c boundary. The plasma wake in Fig. 5(c) is localized at the front ramp at approximately 0.75 n c density layer. Due to the limited interaction length for the underdense laser-plasma interactions, the electrons are accelerated to an energy of ∼4 MeV, which is smaller than that in the n e = 0.75 n c case. These electrons can be seen expanding next to the both surfaces, which are still intact at this time. Formation of a curved electron sheath along with filamentation of electrons is Figure 6 . Proton phase space at time t = 21 ps after the peak of the interaction of 3 ps CO 2 laser pulse with the 3 n c gas target for particles accelerated forward (a) and backward (c) and P 1 -P 2 proton density map for forward (b) and backward accelerated particles (d).
clearly seen in the electron density distribution (Fig. 5(a) ) at t ∼ 3 ps. Space charge separation formed as a result of these double electron-ion layer dynamics causes proton acceleration by the electrostatic field. Note that almost no significant target expansion due to the volumetric heating by the laser pulse is observed in the overdense case up to the end of computations at t = 21 ps.
In Fig. 6(a) , we show phase space (P 1 -X 1 ) for protons produced at the rear surface due to the TNSA mechanism at t = 21 ps. The maximum kinetic energy of protons is 2.8 MeV (velocity ∼0.077c), which is close to the energy reached for the underdense plasma in Fig. 3(b) . This result indicates that it is the underdense laserplasma interactions at n e 6 0.25 n c that determine the maximum kinetic energy of the hot electrons and, therefore, the protons. However, as opposed to the underdense case, the overdense target produces a single beam with a monotonically increasing velocity of particles. This is confirmed by analysis of proton density map in the P 1 -P 2 space presented in Fig. 6(b) , where a wellcollimated forward ion beam is observed. A collimated forward particle beam for overdense plasmas is characterized by a small divergence of approximately 5 degrees (FWHM), the longitudinal momentum of the ions being approximately ten times higher than their transverse momentum. This may be attributed to pinching of the MeV protons by quasistatic self-generated magnetic fields at the plasma-vacuum boundary produced by the strong directed current of electrons (Bulanov et al. 2000 ). An elementary mechanism for generation of a quasistatic transverse magnetic field in plasma is attributed to the development of an electromagnetic filamentation instability similar to the Weibel instability, which occurs in plasma with an anisotropic electron temperature (Weibel 1959; Pukhov and Meyer-ter-Vehn 1996; Sentoku et al. 2000) . Although the dynamics of the electron transport for the overdense and underdense cases is different, they both demonstrate strong laser and electron filamentation assisting production of the forward directed ion beams. As for the backward (toward the laser) accelerated ions, (n e = 3 n c ) and a front ramp length of 20 µm (a) and 400 µm (b).
the overdense target with a ramped plasma density distribution works in a similar way as the underdense target. Particles are mainly accelerated radially in all directions and only a small fraction of them propagates at 0 degrees to the laser axis. Phase space ion distribution for backward TNSA is shown in Figs. 6(c) and (d).
Below, we present results on gas plasma target profile optimization in the plasma density range of 0.75-5 n c .
Optimization of plasma length-density product
The maximum proton energy gained in LDIA is directly related to the heated electron temperature which in the case of TNSA defines the thickness of the sheath layer and the electrostatic force. In order to understand scalings for the maximum proton energy, we first extended the parametric study to other target densities for the same gas target size as in Sec. 2 and a 0 = 1. Onedimensional LDIA simulations demonstrated that the density in the range of 0.5-5 n c has little effect on the maximum proton energy. The proton energy is almost constant for the n e < n c and monotonically falls by a factor of 1.5 at n e = 5 n c . This observation is consistent with the 2D simulations shown above, confirming that it is the underdense plasma or the underdense layer of the overdense gas target where the electrons gain the maximum energy due to plasma waves and enhance TNSA. Then, we fixed the peak plasma density at 3 n c and varied only the length of the front ramp of the gas target. The results of 2D simulations for 2λ and 40λ are presented in the proton phase space plots in Fig. 7 . For a target without underdense layer on the front (see Fig. 7(a) ), protons reach velocity 0.025c (0.2 MeV). This energy value is comparable with that defined by the ponderomotive force. In the case shown in Fig. 7(b) , the 40λ long ramp allows for longer underdense interaction between the CO 2 laser and plasma resulting in a v/c = 0.086 and a maximum proton energy of 4.6 MeV at the end of computational run at t = 40 ps. Note that this energy value is 1.5 times higher than that for the symmetric plasma described in Fig. 4 . A surprising result is that for the given laser parameters longer front ramps up to 60λ showed no further increase in the maximum proton energy reached in simulations. Thus, for gas jetbased LDIA at 10 µm a target profile optimization can result in an increase of the maximum achievable proton energy by a factor of two. It should be noted that by increasing the length of the back ramp, it is possible to minimize the TNSA fields and accelerate the ions from the bulk of target via the shock wave mechanism. These results are discussed elsewhere (Haberberger et al. 2012) .
Summary
A 2D PIC code study of ion acceleration in CO 2 laserplasma interactions around the critical plasma density of 10 19 cm −3 has demonstrated production of a collimated forward H + beam. Modeling is carried out for realistic plasma profiles that are typical of supersonic gas jets. It is shown that for the 10 µm radiation at a relatively modest laser intensity of 10 16 W/cm 2 (a 0 = 1), the maximum achievable proton energy is ∼5 MeV. This energy is more than an order of magnitude larger than that predicted by the ponderomotive scaling (Wilks et al. 2001 ). The main mechanism responsible for ion acceleration is production of a sheath field generated by high-energy electrons on the rear surface of the target (TNSA mechanism). The maximum energy of the hot electrons and, therefore, net acceleration of protons gained in the sheath is mainly related to self-modulated laser wakefield acceleration in the underdense plasma.
For underdense targets (0.5-0.75 n c ), nonlinear laserplasma interactions at a laser power P > P cr cause relativistic self-focusing and plasma channel formation and strongly enhance laser wakefield electron acceleration. For targets with the peak density above n c (1-5 n c ) similar laser-plasma interactions and enhanced electron acceleration occur in a ∼20λ-300λ thick underdense plasma layer on the front part of the gas jet. In both cases the proton beams are pinched by self-generated magnetic fields in the plasma-vacuum boundary that results in small divergence angles for 1-5 MeV particles. Production of collimated forward ion beams with a high laminarity allows for the capture and control of MeV ions by using a compact magnetic solenoid and/or RF cavity devices (Noda et al. 2006; Schollmeier et al. 2008 ). This opens the possibility for development of plasma accelerators with a narrow energy spread. Future development of picosecond TW class CO 2 lasers operating at a low-pressure of 1-3 atm but a high repetition rate (Tochitsky et al. 2000) will enable a compact source of MeV ion beams suitable for a high-brightness picosecond injector for large RF-based accelerators or for a laboratory device for high-energy-density physics.
